Magnetoplasmonic nanoparticles, composed of a plasmonic layer and a magnetic core, have been widely shown as promising contrast agents for magnetic resonance imaging (MRI) applications. However, their application in low-field nuclear magnetic resonance (LFNMR) research remains scarce. Here we synthesised γ-Fe 2 O 3 /Au core/shell (γ-Fe 2 O 3 @Au) nanoparticles and subsequently used them in a homemade, high-T c , superconducting quantum interference device (SQUID) LFNMR system. Remarkably, we found that both the proton spin-lattice relaxation time (T 1 ) and proton spin-spin relaxation time (T 2 ) were influenced by the presence of γ-Fe 2 O 3 @Au nanoparticles. Unlike the spin-spin relaxation rate (1/T 2 ), the spin-lattice relaxation rate (1/T 1 ) was found to be further enhanced upon exposing the γ-Fe 2 O 3 @Au nanoparticles to 532 nm light during NMR measurements. We showed that the photothermal effect of the plasmonic gold layer after absorbing light energy was responsible for the observed change in T 1 . This result reveals a promising method to actively control the contrast of T 1 and T 2 in low-field (LF) MRI applications.
tissues. In addition, several groups have demonstrated that LFMRI, either as a standalone technique or integrated with magnetoencephalography (MEG), can successfully image the anatomy of the human brain [14] [15] [16] . Espy's group at Los Alamos National Lab claimed that LFMRI devices are potentially introduced in battlefield scenarios and in developing countries to save lives 17 . Thus, it is expected that LFMRI is progressively introduced as a common clinical technique in the future. However, to satisfy clinical requirements, some characteristics of LFNMR or LFMRI such as signal-to-noise ratio (SNR) and resolution still need to be improved. Therefore, CAs have been used in LFMRI to enhance image contrast 18, 19 . On the other hand, gold-coated iron oxide nanoparticles had been reported that they are a T 2 contrast agent with high efficacy in the high field MRI 20 . However, the study on the gold-coated iron oxide nanoparticles as a CA in the low field is still seldom. Here we synthesised γ -Fe 2 O 3 /Au core/ shell (γ -Fe 2 O 3 @Au) nanoparticles and subsequently used them in a homemade, high-T c , SQUID-based LFNMR system with the aim of studying the effect of magnetoplasmonic nanoparticles over the proton NMR relaxation time, while maintaining in LF regimes. The details of our homemade, high-T c , SQUID-based LFNMR system can be found elsewhere 21 . We found that both T 1 and T 2 were affected by the presence of γ -Fe 2 O 3 @Au nanoparticles. Furthermore, the spin-lattice relaxation rate (1/T 1 ) and spin-spin relaxation rate (1/T 2 ) varied with the concentration of nanoparticles. Remarkably, unlike 1/T 2 , 1/T 1 was further enhanced under exposure of γ -Fe 2 O 3 @Au nanoparticles to 532 nm light, thereby revealing a promising method to actively control the contrast of T 1 and T 2 images during NMR measurements.
Results and Discussions
The average hydrodynamic size (i.e. diameter) of the synthesised γ -Fe 2 O 3 @Au nanoparticles, determined by dynamic light scattering (DLS) (Nanotrac-150, Microtrac), was 28.38 ± 6.26 nm. To increase the reliability of particle size, the average hydrodynamic size of the γ -Fe 2 O 3 @Au nanoparticles was calculated from the DLS measurement data of ten samples. Figure 1a shows the UV-Vis absorption spectrum of both γ-Fe 2 O 3 and γ -Fe 2 O 3 @ Au nanoparticles. A characteristic plasmon peak at 536 nm, arising from the contribution of localised surface plasmon resonance (LSPR) of the Au shell, can be clearly observed in the case of hybrid nanoparticles. Figure 1b shows the hysteresis curve of γ -Fe 2 O 3 @Au nanoparticles measured by a SQUID magnetic property measurement system (MPMS, Quantum Design, Inc) at 300 K. The hysteresis curve of γ -Fe 2 O 3 @Au nanoparticles is characteristic of superparamagnetic materials with a saturation field of 2500 Gauss. Figure 1c Our homemade, high-T c , SQUID-based LFNMR system was used to investigate the effect of γ -Fe 2 O 3 @Au nanoparticles over T 1 and T 2 proton relaxation times. The LFNMR measurements were performed by utilizing a pulsed pre-polarisation magnetic field of 70 mT and a measuring field of 100 μ T. However, in this experiment, one should note that the effective background fields of T 1 and T 2 relaxations are different because of the different NMR measurement sequences. The details on the measurement sequences of T 1 relaxation 22 and T 2 relaxation 23 can be found elsewhere 22, 23 . The volume of experimental sample was 1 mL. With the aim of quantifying the contribution of LSPR effect of γ -Fe 2 O 3 @Au nanoparticles to the global proton NMR signal, the sample was irradiated with 532 nm green laser light (100 μ W power) via an optical fibre. The whole measurement process was performed at a stable temperature of 298 K, as confirmed by measuring the temperature before and after the irradiation.
Figures 3 and 4 show 1/T 1 and 1/T 2 , respectively, as a function of iron concentration in an aqueous suspension of γ-Fe 2 O 3 @Au nanoparticles (1 mL) in the presence and absence of light irradiation. The number of replicates for all the measurements was 10, and detailed data (expressed as mean ± standard error of the mean, SEM) are shown in Table 1 and Table 2 . As can be clearly seen, 1/T 1 changed upon light irradiation, with this variation being statistically significant (P < 0.05, t-test calculation) at iron concentrations higher than 0.048 mM. Remarkably, the longitudinal relaxivity (r 1 ) of γ-Fe 2 O 3 @Au nanoparticles was enhanced as a result of light exposure (10.3 vs 8.81 mM −1 s −1 ). Conversely, 1/T 2 was found to be unaffected by light irradiation regardless of the ion concentration because the variances of this parameter were not statistically significant in all cases. In addition, the transverse relaxivity (r 2 ) was found to be nearly unchanged (approximately 4.0 mM −1 s −1 ) with irradiation conditions. We speculate that the photothermal effect of the plasmonic gold layer under light energy absorption could mainly account for the observed change in T 1 . The plasmonic photothermal therapy based on gold nanoparticles has been widely studied as a non-invasive cancer treatment 24 . The special plasmonic characteristics of gold nanoparticles allow photon light energy to be effectively absorbed and subsequently converted to heat. It is well known that temperature affects the proton spin relaxation. We previously found 1/T 1 and 1/T 2 proton relaxation rates to decrease with temperature in a magnetic fluid as a result of the enhanced Brownian motion of MNPs 25 . Therefore, the enhancement of 1/T 1 relaxation rate cannot be attributed to the temperature increasing by laser irradiation. Moreover, here we ensured constant sample temperature using very-low-power laser irradiation (100 μ W) during the experiment, although it seems that this energy is still high enough to influence the motion of magnetic γ-Fe 2 O 3 @Au nanoparticles. As indicated above, we did not observe variation of T 2 under light irradiation. It means that the light irradiation does not induce the temperature fluctuation in the sample.
On the other hand, T 1 is dominated by the interaction between the proton spin and the surrounding lattice. The relaxation of water protons mainly depends on the dipolar coupling between the magnetic moments of water protons and magnetic particles 26 . Zhou et al. 27 showed that the main contribution of the T 1 contrast of magnetic nanoplates is the chemical exchange on the iron-rich Fe 3 O 4 (111) surfaces, which happens in the innershpere regime. They also showed that surface coating layer of nanoplates will hinder the chemical exchanges between the surrounding protons and surface iron metals. Referring to Zhou's work, we think that the T 1 shortening effect in our system is due to the outersphere translational diffusion of protons because the gold layer of the γ-Fe 2 O 3 @ Au nanoparticles would hinder the chemical exchange happening in the innersphere regime. We inferred that the motion of the γ-Fe 2 O 3 @Au nanoparticles became more active after light irradiation. Thus, a greater energetic motion of the γ-Fe 2 O 3 @Au nanoparticles would increase the collision rate with surrounding water protons. Energetic collision would shorten the distance between the magnetic moments of water protons and the γ-Fe 2 O 3 @Au nanoparticles and enhance their correlation. Increasing collision rate would also reduce the effective diffusion length of outersphere water protons and hence increase the diffusion correlation time. The enhanced correlation and the increased diffusion correlation time both facilitate the proton spins to effectively release their rf pulse magnetic energy back to the surrounding and shorten T 1 after light irradiation.
To confirm our assumption, we measured T 1 of aqueous solutions containing Au nanoparticles, Fe 3 O 4 magnetic nanoparticles and a mixture of Au and Fe 3 O 4 nanoparticles (Table 3) under light irradiation at a constant temperature (i.e. temperature was unchanged during irradiation). The iron and gold concentrations in the solutions are 0.106 mM and 0.13 mM, respectively. The gold concentration is twice the gold concentration of the γ-Fe 2 O 3 @Au nanoparticles with the same iron concentration. As shown in Fig. 5 , T 1 values remained constant after light irradiation for the three samples. In the case of light-absorbing Au nanoparticles, the low light intensity used prevented this sample from heating, thereby leaving T 1 unaltered. In the case of the sample Fe 3 O 4 nanoparticles, T 1 is likely remained constant after irradiation because MNPs do not intrinsically absorb light energy. In the case of the sample containing a mixture of nanoparticles, both Au and magnetic entities were independently suspended in the solution, leading to ineffective motion excitement of MNPs by light-absorbing Au nanoparticles. Therefore, the correlation between water protons and MNPs cannot be effectively enhanced by light irradiation, and the T 1 relaxation time thus remained unchanged. The results showed that even the solution with higher Table 1 . Spin-lattice relaxation rate (1/T 1 ) of 1 mL γ-Fe 2 O 3 @Au aqueous solution with and without light irradiation. The data are presented as the mean ± SEM from 10 measurements. The P-value is based on singletrail paired t-test calculation.
In summary, we synthesised core-shell γ-Fe 2 O 3 @Au nanoparticles to be used in LFNMR systems. We found that the presence of γ-Fe 2 O 3 @Au nanoparticles in the aqueous solution can effectively modify T 1 and T 2 . In particular, T 1 can be further altered by the irradiation with 532 nm light, and the alteration was produced by energetic motion of γ-Fe 2 O 3 @Au nanoparticles induced by a photothermal effect. Because a mixture of individual Au and MNPs was not effective in changing T 1 , we concluded that the unique magnetoplasmonic characteristics of γ-Fe 2 O 3 @Au nanoparticles are responsible for this behaviour. This study thus offers a promising way to modulate the contrast of LFMRI devices by light irradiation with γ-Fe 2 O 3 @Au nanoparticles as CAs.
Methods
Synthesis of the core-shell γ-Fe 2 O 3 @Au nanoparticles. The suspending solution of γ -Fe 2 O 3 nanoparticles was diluted to 0.1 mM, and an equal volume of a 0.1 M sodium citrate (C 6 H 5 O 7 Na 3 .2H 2 O) aqueous solution was added. The resulting solution was stirred for at least 10 min, during which the citrate ion (C 6 H 5 O 7 3− ) replaced OH − on the surface of γ -Fe 2 O 3 nanoparticles. The γ -Fe 2 O 3 nanoparticle colloidal solution was subsequently diluted 20-fold to reach a 2.5 mM citrate salt concentration, and an equal volume of tetrachloroauric acid (1% HAuCl 4 ) solution was prepared for iterative seeding process. The seeding process consisted of a slow addition of NH 2 OH·HCl and HAuCl 4 in excess to the γ -Fe 2 O 3 nanoparticle colloidal solution. This seeding process was repeated (seeding time higher than 10 s) four times, with at least a 10-min interval between iterations. This process allows Au 3+ ions to reduce and subsequently link on the surface of the nanoparticles. The colour of the solution shifted from purple to deep pink as the Au layer was formed on the surface of the magnetic particles.
